Human guanylate-binding protein-1 (hGBP-1) is a large GTPase, similar in structure to the dynamins. Like many smaller GTPases of the Ras͞Rab family, it is farnesylated, suggesting it may dock into membranes and perhaps play a role in intracellular trafficking. To date, however, hGBP-1 has never been associated with a specific intracellular compartment. Here we present evidence that hGBP-1 can associate with the Golgi apparatus. Redistribution from the cytosol to the Golgi was observed by immunofluorescence and subcellular fractionation after aluminum fluoride treatment, suggesting that it occurs when hGBP-1 is in its GTP-bound state. Relocalization was blocked by a farnesyl transferase inhibitor. The C589S mutant of hGBP-1, which cannot be farnesylated, and the previously uncharacterized R48P mutant, which cannot bind GTP, both failed to localize to the Golgi. These two mutants had a dominant-negative effect, preventing endogenous wild-type hGBP-1 from efficiently redistributing after aluminum fluoride treatment. Furthermore, hGBP-1 requires another IFN-␥-induced factor to be targeted to the Golgi, because constitutively expressed hGBP-1 remained cytosolic in cells treated with aluminum fluoride unless the cells were preincubated with IFN-␥. Finally, two nonhydrolyzing mutants of hGBP-1, corresponding to active mutants of Ras family proteins, failed to constitutively associate with the Golgi; we propose three possible explanations for this surprising result.
G
uanylate-binding proteins (GBPs) belong to a family of large GTPases that includes dynamins and Mx proteins (1, 2) . These proteins are characterized by their ability to oligomerize and can display oligomerization-dependent stimulation of GTP hydrolysis (3) . Human GBP-1 (hGBP-1) may play a role in inhibiting endothelial cell function and proliferation (4) (5) (6) and perhaps in inhibiting viral replication (7) . Mammals express a number of homologous GBPs, which may have overlapping functions. Most inbred mouse strains have a dysfunctional allele for murine GBP-1 that cannot be induced by IFNs (8, 9 ), yet they appear healthy, consistent with the idea that GBPs may compensate for one another.
We focus here on one of the five known human GBPs, hGBP-1, a 67-kDa farnesylated protein induced by IFN-␥ and other inflammatory cytokines. Our approach is rooted in work done on smaller isoprenylated GTPases, the Ras͞Rab-family proteins, and on the myristolated ADP-ribosylation factor GTPases. These GTPases are activated when bound to GTP and in this active state commonly anchor into a specific target membrane (10) . A number of tools have been used to study these proteins, including aluminum fluoride (AlF). AlF can enter live cells and bind to GDP-bound proteins, producing a complex structure with the nucleotide resembling the GTP-bound form of the molecule (or the GTP hydrolysis transition state) (11) (12) (13) . AlF can induce relocalization of some GTPases to their target membranes (14, 15) . Membrane association requires a hydrophobic modification, such as a myristoyl or farnesyl group. Farnesyl transferase inhibitors were developed in attempts to block the known oncogenic properties of the Ras proteins (16) (17) (18) . These drugs block the enzyme that adds the hydrophobic 15-carbon farnesyl group to proteins containing the CaaX box, or isoprenylation motif, at the C terminus of the proteins. They appear to inactivate Ras oncogenes and lead to tumor regression in mice. Mutagenesis has also been invaluable in the understanding of the functional characteristics of the small GTPases. Inactive mutants, which do not bind nucleotide, can have a dominant-negative effect on the endogenous protein (19) . Active mutants, which bind GTP but do not hydrolyze it, remain GTP-bound and localize to their target membranes (20, 21) . Mutation of the cysteine residue in the CaaX box prevents isoprenylation and anchoring into membranes (22) .
Here we show that AlF treatment induces both endogenous and exogenously expressed wild-type hGBP-1 to redistribute from the cytosol to the Golgi in a manner that requires both isoprenylation and pretreatment with IFN-␥. We describe a mutant that cannot bind GTP, as well as two mutants that will bind but not hydrolyze GTP. These mutants may prove useful in examining the functional roles of hGBP-1.
Materials and Methods
Cell Lines. HeLa M is a highly IFN-␥-inducible derivative of HeLa cervical carcinoma cells and was a gift from Peter Lengyel (Yale School of Medicine). HFFs are primary fibroblasts recovered from human foreskin (23) . HeLa M cells were grown in Iscove's Modified Dulbecco's Medium (IMDM; GIBCOBRL) containing 10% bovine calf serum at 37°C. HFFs were grown at 37°C in IMDM containing 10% FBS, 100 units͞ml of penicillin and 100 g͞ml of streptomycin (GIBCOBRL).
IFN-␥-treated primary human monocytes (25) , and an Nterminal myc-tag was incorporated by PCR. Mutagenesis was achieved with the QuikChange system (Stratagene) by using a primer with an incorporated point mutation and a corresponding reverse complement primer for each mutant. Use of Pfu Turbo enzyme (Strategene) proved important for mutagenesis.
Vectors and Constructs. Myc-tagged hGBP-1 and its mutants were subcloned from PCR Blunt II Topo (Invitrogen) into pProEx HTa (GIBCO͞BRL) by using EcoRI͞SpeI I restriction sites with a partial EcoRI digest of PCR Blunt II Topo, such that the reverse orientation was corrected. pProEx HTa was used for bacterial expression, and purification was via an N-terminal 6ϫHIS tag present in the vector. For mammalian expression, myc-tagged hGBP-1 and its mutants were also subcloned from PCR Blunt II Topo into the retroviral vector pLNCX2 (Clontech) by using NotI͞ClaI restriction sites.
Preparation of Recombinant Protein. Transformed Top10 cells were grown and induced for 4 h with isopropyl thiogalactoside under standard conditions. Frozen cells were resuspended at 4°C in 0.5 M NaCl͞0.05 M Tris⅐HCl, pH 8.0, with 5.0 mM MgCl 2 ͞10 mM imidazole͞10% glycerol͞0.1% polyoxyethylene 9 lauryl ether (C 12 E 9 ) containing 0.5 mM PMSF and 5 mM iodoacetamide. Sonicated lysate was clarified at 80,000 ϫ g for 40 min at 4°C and applied to a 1-ml Ni-NTA Agarose (Qiagen, Valencia, CA) column preequilibrated in resuspension buffer. Beads were then washed with resuspension buffer containing 10 mM 2-mercaptoethanol. After additional high-and low-salt (0.15 M NaCl) washes, protein was eluted with 250 mM imidazole in buffer containing 0.15 M NaCl. After dialysis against PBS, samples were filter-sterilized and stored at 4°C. . Cells were fixed in 3.7% formaldehyde, permeabilized in saponin-based buffer, stained for indicated proteins by using fluorescein or Texas red-conjugated secondary antibodies, and examined by using an Axiophot 2 fluorescence microscope (Zeiss), all as described (26) . Data were obtained by using OPENLAB software (Improvision, Lexington, MA). mM PMSF and 5 mM iodoacetamide. After preclearing with normal rabbit serum and Protein A-Sepharose, extracts were immunoprecipitated with R.GBP-1 or control antibody and Protein A-Sepharose. Washed samples were eluted at 100°C in SDS sample buffer containing 2 mM DTT and analyzed by SDS͞PAGE and autoradiography. Subcellular Fractionation and Western Blotting. HFF cells (5 ϫ 10 6 ) were treated or mock-treated with IFN-␥ for 20 h, followed by 15-min incubation in AlF at 37°C where indicated. Cells were then trypsinized in the presence of AlF for 5 min at 37°C, washed twice with homogenization buffer (HB, 250 mM sucrose͞2 mM MgCl 2 ͞10 mM Tris, pH 7.6), resuspended in 1.5 ml of HB buffer containing protease inhibitors, and disrupted by using a ballbearing homogenizer (0.0011-inch clearance). Residual cells and debris were pelleted at 1,500 ϫ g for 10 min at 4°C, and 0.9 ml of the postnuclear supernatant was layered onto a 12-ml sucrose gradient (27) . After centrifugation in an SW41 rotor at 39,000 rpm (261,000 ϫ g) for 4 h at 4°C, 1-ml fractions were isolated, and trichloroacetic acid-precipitated proteins were separated by 10.5% SDS͞PAGE followed by Western blotting with R.GBP-1, as described (28) .
GTP Binding and Hydrolysis. Recombinant hGBP-1 was dialyzed into GTPase reaction buffer (50 mM Tris͞5 mM MgCl 2 ͞100 mM KCl, pH 8.0) (29) . hGBP-1 (5 g) was incubated in 10 l of reaction buffer containing 10% glycerol, 0.1 mM DTT, and 6.6 mM (0.2 Ci) [␣-
32 P]GTP (PerkinElmer) for 2 h at 37°C. SDS (2.5%) containing 10 mM EDTA was added to stop the reaction, and GTP, GDP, and GMP were separated by thin-layer chromatography on polyethyleneimine-cellulose sheets (J. T. Baker), as described (30) . GTP binding was measured by using GTP-agarose beads (Sigma-Aldrich) equilibrated in GTPase reaction buffer: 25-l beads were rotated at 4°C with 5 g of hGBP-1 in a total volume of 100 l for 30 min. After washing, bound hGBP-1 was eluted in SDS sample buffer and separated by SDS͞PAGE. Gels were stained by using Coomassie SimplyBlue SafeStain (Invitrogen).
Results
Intracellular Localization of hGBP-1. We first confirmed by radiolabeling, immunoprecipitation, and SDS͞PAGE that hGBP-1 was rapidly induced by IFN-␥ treatment of human fibroblasts. Expression increased progressively over 24 h (Fig. 1A) , consistent with data obtained at the mRNA level (31, 32) . Immunofluorescence staining of IFN-␥-treated HeLa M and HFF cells showed a diffuse cytosolic staining pattern with exclusion from the nucleus in both cell types ( Fig. 1 B and C Upper) . NMR and fluorescence spectrum analysis have shown that AlF can form a complex with GDP-bound hGBP-1 (33) , as it does with other GTPases (34) . After addition of AlF, a fraction of hGBP-1 rapidly relocalized to a perinuclear compartment in both HeLa M cells and HFFs ( Fig. 1 B and C Lower) . This compartment was identified as the Golgi apparatus by costaining with an antibody to the Golgi matrix protein GM130. Redistribution occurred within 10-15 min, and the cells were routinely fixed after 15-20 min of AlF exposure. hGBP-1 relocalization did not noticeably change the structure of the Golgi. To confirm that hGBP1 redistribution involves membrane attachment, we used a sucrose flotation equilibrium gradient to separate membranes from cytosol (27, 35) . Fig. 2 shows that after AlF treatment, a portion of hGBP-1 floated to low-buoyant-density fractions 1 and 2, consistent with membrane association. The transGolgi marker TGN 46 and the endosomal marker Rab 5 were also found in these low-density fractions, as anticipated (27) . In contrast, IB␣, a cytosolic protein, remained in the lower-gradient fractions.
Golgi Localization Requires Active Farnesyl Transferase and IFN-␥
Treatment. To examine the role of the farnesyl group of hGBP-1 in AlF-induced Golgi localization, we included the farnesyl transferase inhibitor L-744,832 during IFN-␥ treatment. On subsequent addition of AlF, hGBP-1 remained cytosolic (Fig.  3A) . We then examined hGBP-1 localization in the absence of IFN-␥ induction. This was done in HFFs transduced with retroviral constructs encoding myc-tagged hGBP-1, detecting it with a monoclonal anti-myc antibody. AlF treatment of these cells did not induce relocalization of the exogenous hGBP-1 to the Golgi (Fig. 3B Upper) . The great majority of total cellular hGBP-1 is exogenous in cells not treated with IFN-␥ (data not shown). Consistent with this, total hGBP-1, stained by using the affinity-purified rabbit hGBP-1 antibody, also failed to redistribute from the cytosol. However, after overnight induction with IFN-␥ and treatment with AlF, both total cellular hGBP-1 and exogenous (myc-tagged) hGBP-1 relocalized efficiently to the Golgi (Fig. 3B Lower) , suggesting that an additional factor induced by IFN-␥ is required.
Biochemical Characterization of hGBP-1 Mutants. Myc-tagged mutants of hGBP-1 were subcloned into a prokaryotic expression vector containing an N-terminal 6ϫHis tag, expressed in Escherichia coli, and purified by Ni-agarose chromatography. Nucleotide-binding assays identified two mutants that would not bind GTP, one of them previously undescribed (R48P, Fig.  4A ). In our hands, the published GTP nonbinding mutant (D184N) shows trace levels of GTP binding, whereas the R48P mutant exhibits no detectable GTP binding or hydrolysis (Fig.  4B) . The R48P mutant behaves quite differently from a published mutant in which residue 48 is mutated to alanine. That mutant has a slightly higher affinity for the hydrolysisresistant GTP analog GppNHp (guanosine 5Ј-[␤,␥-imido] triphosphate) than wild-type hGBP-1 but loses its ability to hydrolyze GTP (36) . We also generated two mutants, T75A and E99A, that bind but do not efficiently hydrolyze GTP (Fig.  4 A and B) . The location of each mutant in the nucleotidebinding pocket of the hGBP-1 crystal structure is shown in Fig.  4C (image generated by using RASMOL 2.6) (37) . sylation of another protein rather than specific farnesylation of hGBP-1 could be responsible for this. Mutagenesis of the acceptor cysteine of hGBP-1 to serine (C589S) allowed us to examine this question. Anti-myc staining showed that in HFFs (Fig. 5A) or HeLa M cells (data not shown), this mutant failed to redistribute to the Golgi upon IFN-␥ treatment followed by addition of AlF. More strikingly, expression of the C589S mutant also prevented IFN-␥-induced endogenous hGBP-1 from relocalizing, as shown by total hGBP-1 staining. Endogenous hGBP-1 levels after IFN-␥ induction are extremely high in HFFs, so that endogenous hGBP-1 would be clearly visible. The R48P mutant, which cannot bind GTP, was also expressed in both HFF (shown) and HeLa M cells. Once again, IFN-␥ treatment followed by brief exposure to AlF did not induce the myc-tagged exogenous protein to localize to the Golgi (Fig. 5B) . Furthermore, as with the farnesylation mutant, expression of R48P caused most if not all of the endogenous hGBP-1 to remain in the cytosol.
GTP Hydrolysis Is Not Required for Golgi Localization of hGBP-1 Nor Is
Lack of Hydrolysis Sufficient to Induce It. The two mutants that bind GTP but do not hydrolyze it efficiently associated with the Golgi after IFN-␥ induction and AlF treatment (E99A, data not shown, and T75A, Fig. 5C Bottom) . However, neither of these hGBP-1 mutants localized to the Golgi in the absence of AlF, regardless of exposure of the cells to IFN-␥ (Fig. 5C Top and Middle). This result differs from data obtained with other GTPases, such as the ADP-ribosylation factor family proteins, where similar GTP-binding nonhydrolytic mutants bind spontaneously to their target membranes.
Discussion
The transcriptional regulation of hGBP-1 expression is among the best understood of any protein, and its investigation has played a central role in understanding IFN-␥-induced gene expression. However, the function of hGBP-1 has proven elusive for nearly two decades, although a second set of IFN-␥-induced GTPases, the p47 family, has recently been shown to have antimicrobial properties (38) (39) (40) . In the last few years, some published work has begun to tackle the role of hGBP-1. One report suggested that hGBP-1 plays an antiviral role and inhibits vesicular stomatitis virus (VSV) and encephalomyocarditis virus (EMCV) replication (7) . The strongest data in that study came from experiments where hGBP-1 expression was blocked by using antisense RNA. More recent work has proposed that murine GBP-2 (mGBP-2) is antiviral; however, cells expressing mGBP-2 showed decreases in VSV or EMCV yield of only Ϸ50%, which is not consistent with the log-order changes typical of antiviral proteins (41) . We have attempted to corroborate the data for hGBP-1 by using alternative systems but have not been able to conclusively confirm an antiviral function (unpublished work). Recent studies have shown that hGBP-1 plays an important role in endothelial cell function. hGBP-1 induction was found predominantly in endothelial cells during inflammation in vivo (6) . In an intriguing set of experiments, hGBP-1 interfered with angiogenesis and strongly inhibited the expression of matrix metalloproteinase-1, a collagenase necessary for leukocyte migration through the extracellular matrix (5). How hGBP-1 directs these actions in endothelial cells is not known.
Based on experiments with the smaller GTPases, e.g., Rabs, Racs, and ADP-ribosylation factors, we used AlF to simulate the GTP-bound state of hGBP-1. In cells induced with IFN-␥ and treated with AlF, hGBP-1 redistributed from its diffuse cytosolic localization to the Golgi apparatus. The observed redistribution is not shown on the structure, because the structure is truncated at the C terminus. Its approximate location on the protein is indicated by * . Analysis was done on RASMOL 2.6 software. correlates with a shift to membranes upon subcellular fractionation and is reminiscent of the smaller GTPases, where relocalization depends on the presence of a hydrophobic lipid moiety, which anchors the protein to its target membrane. Prior work using the isoprenoid precursor [ 3 H]-mevalonate showed that hGBP-1 is effectively farnesylated in cell culture (42) yet remains largely cytosolic. This contrasts with mGBP-2, which constitutively attaches to an unknown vesicular membrane in an isoprenylationdependent manner (43) . Although highly homologous to mGBP-2, mGBP-1 is diffusely cytosolic like hGBP-1. However, unlike hGBP-1, mGBP-1 is poorly isoprenylated in cell culture (44) .
Using both a farnesyl transferase inhibitor and the C589S mutant of hGBP-1, we demonstrated that farnesylation is required for Golgi targeting, suggesting that in its GTP-bound form, hGBP-1 exposes its farnesyl group and anchors itself selectively to the cytosolic face of the Golgi. To eliminate the possibility that AlF can cause hGBP-1 redistribution through its actions on another protein rather than directly on hGBP-1, we used an hGBP-1 mutant (R48P) that does not bind GTP. This mutant did not relocalize to the Golgi upon AlF treatment. Thus, nucleotide binding by hGBP-1 is required, consistent with the hypothesis that the Golgi is the target membrane for the GTP-bound form. Two members of the p47 GTPase family, IIGP1 and LRG-47, are also associated with the Golgi but in a constitutive manner (45) . Redistribution of LRG-47 to the plasma membrane and phagosomes follows phagocytosis and may be responsible for promoting its antimicrobial function.
Published data for other GTPases suggest that NaF treatment alone can have the same effect as the combination of NaF with AlCl 3 ; this may be due to the presence of magnesium in culture media (46, 47) or a direct effect of fluoride on the protein (48) . We indeed found that NaF alone produced the same effect as AlF, with efficient relocalization of hGBP-1 to the Golgi (data not shown). Because AlF is the commonly accepted treatment, and because hGBP-1 has been formally shown to form complexes with AlF (33), we elected to combine NaF and AlCl 3 in our experiments.
In addition to being unable to relocalize to the Golgi themselves, both the C589S and the R48P mutant inhibited the redistribution of endogenous hGBP-1 induced by IFN-␥. Like dynamins and Mx proteins, hGBP-1 has a large C-terminal domain and appears to oligomerize. We speculate that hGBP-1 may function through higher-order structures, and that introduction of nonfunctional GBPs into these oligomers may interfere with the activity of the entire complex. Whether or not this is the case, that both inactive mutants interfere with Golgi relocalization of endogenous protein will make these mutants useful in the study of hGBP-1 function. If Golgi association is required for the biological role of hGBP-1, mutants that prevent it may eliminate its cellular function. Indeed, there are now published data that the D184N mutant of hGBP-1, which also cannot bind or hydrolyze GTP, cannot itself inhibit matrix metalloproteinase-1(MMP-1) expression in endothelial cells and successfully abolishes the effect of IL-1␤-induced wild-type hGBP-1 on MMP-1 levels (5).
We also identified hGBP-1 mutants that bind but do not efficiently hydrolyze GTP, corresponding to the active mutants that have been described for Ras family proteins. The T75A and E99A mutants described here were recently identified independently by another group (36) . Their studies showed that the T75A mutant is indeed a very poor catalyst of GTP hydrolysis, with a 1,500-fold decrease in specific activity relative to wildtype. The E99A mutant, on the other hand, showed only a 15-fold decrease in specific activity. Although E99A retained the ability to bind GTP-agarose under the conditions used in our experiments, the published study found a 25-fold decreased affinity for mant-GppNHp. Qualitatively, in our hands, both T75A and E99A show poor hydrolysis while retaining the ability to bind GTP. We initially expected these mutants to constitutively associate with the Golgi without AlF treatment. When they did not, we reasoned that the nonhydrolyzing mutants might require the unidentified IFN-␥-induced factor that was necessary for AlF-induced relocalization of wild-type hGBP-1. However, even after IFN-␥ induction, these mutants remained diffusely cytosolic unless the cells were treated with AlF.
We propose three possible explanations for the behavior of the nonhydrolyzing mutants. First, IFN-␥ also induces significant quantities of endogenous hGBP-1, which may have a dominantnegative effect on these mutants in the absence of AlF; like the R48P mutant that will not bind GTP, the wild-type protein is primarily not GTP-bound, and oligomerization with a GTPbound mutant may prevent the mutant from localizing to the Golgi. Second, activation of an accessory GTPase may be necessary for hGBP-1 relocalization, such that global activation by AlF is effective, but activation of hGBP-1 alone is not sufficient. A third possibility is that these mutants are not active because the binding properties of hGBP-1 with nucleotides are very different from the small GTPases; hGBP-1 will bind to any guanylate nucleotide (GMP, GDP, and GTP) with similar affinity, unlike Ras proteins, which bind to GDP and GTP with an affinity orders of magnitude greater than binding to GMP. This difference reflects the fact that hGBP-1 binds very weakly to GDP and GTP, with a K d value in the micromolar range, whereas Ras-related proteins bind GDP and GTP with affinities in the picomolar range (1, 49) . Furthermore, the T75A and E99A mutants have even lower affinities for GTP than wild-type hGBP-1 (36) . Thus, nucleotide exchange may be a significant factor in the behavior of hGBP-1, negating the shift toward GTP binding when GTP hydrolysis is blocked. In vivo, the guanylatebinding state may be regulated by specific cytosolic conditions or signaling events, allowing a coordinated action to take place. Anchoring into the cytosolic face of the Golgi is likely to be a key component of that action.
Conclusion
This work presents compelling evidence that hGBP-1 can target specifically to the Golgi membrane in its GTP-bound form. In so doing, it also introduces a rapid-outcome measure for hGBP-1 behavior, which we used to identify inactive mutants and dominant-negative activities. In addition, we examine two nonhydrolyzing mutants, which prove not to be constitutively active with respect to Golgi localization. Through examining the phenomenon of hGBP-1 relocalization to the Golgi apparatus, we have broadened our understanding of this protein while developing tools that can be applied to various aspects of its study.
